Introduction
============

A classic study by Kakehashi et al. demonstrated the crucial role of the bacteria in development of endodontic diseases. In a germ-free environment, the pulp demonstrated the ability to heal and produce reparative dentin. This is a basic principle for success of all vital pulp therapies.[@B1]-[@B2]

Pulpotomy is a vital pulp therapy in which the coronal pulp is removed partially or completely and the remaining pulp is covered with a pulpotomy agent.[@B3] This treatment is based on the rational that after amputation of coronal pulp of the permanent teeth, the remaining pulp is protected by a hard-tissue stimulating material, and remains vital and healthy.[@B4] Several materials have been proposed as pulpotomy agents such as calcium hydroxide (CH), adhesive systems, and mineral trioxide aggregate (MTA).[@B5]-[@B8] Studies showed that a material used as a pulp protecting agent should be biocompatible, be able to induce hard tissue formation, bactericidal, and create a long-lasting biological seal.[@B2],[@B8]

Historically, CH has been the material of choice for vital pulp therapies. CH is an alkaline material with well documented bactericidal properties and the ability to induce hard-tissue formation in human teeth.[@B5] However, CH has several disadvantages including poor adherence to dentin and poor sealing ability, unpredictable dentinal bridge formation, and the presence of tunnel defects in these bridges which may act as potential pathways for bacterial leakage.[@B8]-[@B11]

Use of MTA as a pulpotomy agent in permanent teeth has demonstrated excellent histological and clinical results.[@B4],[@B7],[@B12],[@B13] MTA has demonstrated acceptable biocompatibility, sealing ability and the ability to promote healing in the pulp tissue.[@B8],[@B14]-[@B16] Hard-tissue induction by MTA has been documented in several animal and human studies.[@B7],[@B8],[@B10]-[@B13] However, compared with CH, the antibacterial activity of MTA is inferior.[@B17] In addition, the potential for discoloration, delayed setting time, and high cost are other disadvantages of MTA.[@B18]

Recently, a new endodontic biomaterial, calcium enriched mixture (CEM) cement, has been introduced as a water-based tooth-colored cement with similar clinical applications to MTA but different chemical composition.[@B19],[@B20] The major components of the CEM cement powder are CaO, SO~3~, P~2~O~5~ and SiO~2~, and the minor components are Al~2~O~3~, Na~2~O, MgO, Cl. This cement is alkaline (pH \> 10.5) and releases CH during and after setting.[@B19],[@B20] Several *ex vivo* and *in vivo* studies have documented biocompatibility of CEM cement.[@B10],[@B21]-[@B24] Antibacterial activity of CEM cement against endodontic pathogens is comparable to CH and superior to MTA, and its sealing ability is similar to MTA.[@B17],[@B25] The ability of CEM cement to induce hard tissue formation has been documented histologically and radiographically.[@B10],[@B22],[@B26]-[@B28] Successful results were obtained when CEM cement was used as a pulpotomy agent in human immature and mature permanent teeth.[@B27]-[@B31]

Whilst there has been a randomized controlled trial in a dog model which compared the pulpal reaction to CH as a traditional pulpotomy agent histologically, with MTA as the gold standard and CEM as a novel endodontic biomaterial, there has been no study to examine the effect of these materials on human dental pulp.[@B22] The aim of this paper was to investigate, histologically, the effect of CH, MTA and CEM cement on human dental pulp as pulpotomy agents.

Materials and Methods
=====================

This project was evaluated and approved by Ethics Committee of Iranian Center for Endodontic Research in Shahid Beheshti University of Medical Sciences. Adult volunteers were considered for the study, each had at least three healthy and clinically erupted third molars scheduled for extraction because of orthodontic/prosthetic reasons. Inclusion criteria were as the following: clinically normal pulp; normal response to percussion and palpation; apices were closed; and the periodontal condition was normal (probing depths \< 3 mm). Exclusion criteria were caries or history of restoration, pulp or canal calcification, apical radiolucency, and teeth which could not be isolated with a rubber dam. Volunteers were not medically compromised. After thoroughly explaining the clinical procedures and risks involved, informed consent was obtained from each volunteer, for each tooth.

Clinical procedures
-------------------

A total of 9 clinically erupted third molars from 3 volunteers were included in the study. Volunteers were all healthy males at the age of 22 to 24. For each tooth, cold test using Endo-Frost cold spray (Roeko, Coltene Whaledent, Langenau, Germany), palpation and percussion were performed. In each volunteer, randomly, one tooth was assigned to one of the three experimental groups including CH, MTA, and CEM cement as pulpotomy agents.

The same pulpotomy technique was performed by the same clinician in all three experimental groups. Before initiating the procedure, all volunteers rinsed with 0.12% chlorhexidine mouth wash (Behsa Pharmaceutical Co., Tehran, Iran) for 30 seconds. After local anesthesia using 2% lidocaine and 1 : 80000 epinephrine (Darou Pakhsh Pharmaceutical Mfg Co., Tehran, Iran) and rubber dam isolation, the teeth were swabbed with 0.12% chlorhexidine (Behsa Pharmaceutical Co.). Access cavities were prepared using a diamond fissure bur (Diatech, Heerbrugg, Switzerland) and high speed handpiece with copious water spray. The pulps were amputated to the orifice level of the root canals using a long shank diamond round bur (Diatech) in a high speed handpiece with copious water spray to prevent heat damage to the subjacent pulp. Vitality of all included teeth was confirmed by presence of bleeding upon pulp exposure. Hemostasis was achieved by application of 5.25% NaOCl for up to 10 minutes in the access cavities. The radicular clot-free pulps were capped with one of the pulpotomy agents as follow. In CEM cement group (CEM cement, Bioniquedent, Tehran, Iran), the powder and liquid were mixed according to the manufacturer\'s instructions. The mixture was placed in the access cavity with a sterile amalgam carrier and adapted gently to the dentin walls by a moistened sterile cotton pellet. In MTA group (Tooth-colored ProRoot MTA, Dentsply Tulsa Dental Specialties Tulsa, OK, USA), the powder and liquid were mixed according to the manufacturer\'s instructions and pulps were capped as described above. In the CH group (Calcium Hydroxide, Aria Dent, Teheran, Iran), the powder and sterile normal saline were mixed to achieve putty consistency and pulps were capped using the same technique as other experimental groups.

Immediately after placement of the capping agent, a 2 mm thick layer of glass ionomer (GC lining, GC Corp., Tokyo, Japan) was placed over the pulp capping material, and the access cavity restored with amalgam (gs-80, SDI Ltd., Bayswater, Australia). A post-operative radiograph was taken to confirm the quality of procedure ([Figure 1](#F1){ref-type="fig"}).

All experimental teeth were followed up clinically. Clinical assessments included a history of symptoms (if any), cold test using Endo-Frost cold spray (Roeko), palpation and percussion. Six months after operation all teeth were extracted atraumatically by an oral and maxillofacial surgeon.

Laboratory procedures
---------------------

Immediately after extraction the teeth were rinsed in cold water and roots were cut off at midroot level using a diamond fissure bur in high speed handpiece with water spray coolant to allow the fixative penetration. The specimens were coded for blind histological evaluations. The teeth were then placed in separate bottles containing 10% buffered formaldehyde for 120 days, and decalcified for 4 weeks in 10% formic acid. After decalcification, the specimens were rinsed with running tap water for 2 hours, followed by dehydration in ascending concentrations of alcohol (70%, 90%, and 100%), and were embedded in paraffin. The amalgam restorations and glass-ionomer bases were removed gently before embedding. Five µm labiolingual sections were prepared serially, and then specimens were stained with hematoxylin and eosin (H&E). Using an optical microscope (Lichtmikroskope, Carl Zeiss, Göttingen, Germany), samples was evaluated by an experienced oral pathologist who was blinded to the type of pulpotomy agent. The amount of pulp inflammation (type, intensity, and extension), the quality of hard tissue formation beneath pulpotomy agent (continuity, morphology, and thickness), and other histological features including presence/absence of giant cells, calcifications, and odontoblast-like cells beneath pulpotomy material and the pattern of odontoblast-like cells (if present) were evaluated in all sections according to the standards previously described.[@B32]

Results
=======

Before the procedure, all included teeth were responsive to cold test and they were neither sensitive to palpation nor to percussion. None of the volunteers reported a history of pain or discomfort in the experimental teeth for the 6 months following the operative intervention. On clinical examination before extraction, no teeth were sensitive to palpation or percussion. All of the experimental teeth responded negatively to the cold test.

As after full pulpotomy pulps of the roots respond independently to the treatment, the histological assessments were done for each root separately. One tooth in the CEM cement group and two teeth in the MTA group had only one root canal for examination; the others were two rooted. The outcomes were as the following:

CH group: Vital pulp was seen in two teeth ([Figure 2](#F2){ref-type="fig"}). One two rooted tooth (the same tooth shown in [Figure 1](#F1){ref-type="fig"}), had necrotic pulp in all roots/sections; resorptive lacunas were seen in roots with necrotic pulp ([Figure 3](#F3){ref-type="fig"}). A continuous calcified bridge was seen in all roots with vital pulp. There was no inflammation in roots with vital pulps ([Figure 2](#F2){ref-type="fig"}). No evidence of odontoblast-like cells was found beneath CH in two roots with vital pulps. Diffuse calcification could be seen in one tooth (two roots).

CEM cement group: Vital pulp was seen in all roots ([Figure 2](#F2){ref-type="fig"}). The calcified bridge formed beneath CEM cement was continuous in all specimens. Pulp tissues were normal without inflammation/hyperemia. There was no evidence of diffuse/focal calcification ([Figure 2](#F2){ref-type="fig"}).

MTA group: Vital pulp was seen in all roots ([Figure 2](#F2){ref-type="fig"}). The calcified bridge beneath MTA was continuous in all sections. Pulp tissues were normal. There was neither inflammation/hyperemia nor diffuse/focal calcification ([Figure 2](#F2){ref-type="fig"}).

[Table 1](#T1){ref-type="table"} demonstrates a summary of findings for all groups.

Discussion
==========

Recent clinical trials and case studies on pulpotomy with CEM cement demonstrated favorable outcomes. A case series study on CEM cement pulpotomy of mature carious exposed teeth revealed 100% clinical and radiographic success rate after a mean follow up period of 15.8 months.[@B27] A randomized clinical trial on pulpotomy of immature carious exposed first molars with MTA and CEM cement showed 100% clinical and radiographic rates for both biomaterials after 12 months.[@B29] The similar results were obtained in pulpotomy of mature carious exposed human teeth with MTA (95% overall success rate) and CEM cement (92% overall success rate) after 12 months follow up.[@B31] In addition, while comparison of the clinical outcomes of conventional root canal therapy and pulpotomy with CEM cement in human carious exposed mature teeth revealed similar outcomes for both treatments, the radiographic outcomes of the pulpotomy with CEM cement were significantly better than root canal therapy after one year.[@B30]

Although there are several clinical studies on outcomes of pulpotomy treatment in human teeth, the histological data are limited. A comparative study on human dental pulp response to CH and MTA revealed that pulps capped with MTA produced more homogeneous and more continuous dentinal bridges than pulps capped with CH.[@B11] Eghbal et al. performed a histological study on twelve carious exposed human teeth with irreversible pulpitis which were scheduled for extraction.[@B12] The histological assessments were conducted two months after MTA pulpotomy of the teeth. The outcomes revealed that all pulps were vital without inflammation and a complete dentinal bridge was formed in all specimens. Another histological study by Chueh and Chiang on a case of carious exposed second premolar which had undergone MTA pulpotomy 10 months before extraction revealed a normal pulp and presence of a dentinal bridge beneath MTA.[@B13]

While formation of a calcified bridge beneath MTA has been shown in several clinical and histological studies on human teeth after vital pulp therapies, the data were limited about CEM cement in this regard. Animal studies on pulp capping and pulpotomy with CEM cement revealed that the dentinal bridges formed beneath CEM cement were similar to that formed beneath MTA regarding the thickness, continuity, and presence of odontoblast-like cells.[@B10],[@B22] Formation of a calcified bridge beneath CEM cement in human teeth was documented radiographically in case studies.[@B26],[@B28] A recent histological study on the responses of human dental pulp to direct pulp capping with CEM cement demonstrated that there was no significant difference between CEM cement and MTA regarding the morphology of dentinal bridges formed beneath pulp capping material and pulpal inflammation.[@B33] The mean thickness of dentinal bridges in CEM cement group was greater than MTA; however the difference was not significant.[@B33] The present study is the first histological study aimed to evaluate human dental pulp reaction to pulpotomy with CEM cement. The pulpal reactions to CEM cement were indicative of its biocompatibility.

Formation of a hard tissue barrier beneath a pulpotomy agent acts as a protective pulp barrier and is an indicator of pulp health and vitality.[@B34] MTA is a bioactive material which releases calcium ions during and after setting. The calcium ions react with environmental phosphorus and produce hydroxyapatite crystals on the surface of MTA and MTA-dentin interface.[@B35],[@B36] The bioactivity of MTA is considered to be responsible for its biocompatibility, dentinogenic activity and sealing ability.[@B35] On the other hand, CEM cement is a bioactive material with indigenous reservoir of phosphorus ions. It means that CEM cement is able to produce hydroxylapatite crystals in phosphorus free environments like normal saline.[@B36] Therefore, like MTA, bioactivity of CEM cement might be responsible for its biocompatibility, hard tissue induction potential, and sealing ability. In addition, the surface characteristics of set CEM cement is similar to human dentin, for example the distribution pattern of calcium, phosphorus, and oxygen ions.[@B19] Consequently, there might be a possibility that bioactivity and surface features of the set cement induce pulpal cells to produce dentinal bridge beneath CEM cement.

Histological evaluations of pulpal responses to vital pulp therapy with CH demonstrated that the dentinal bridge formation beneath CH was unpredictable. Moreover, unlike pulps capped with MTA, pulps that were capped with CH were inflamed.[@B8] Animal studies revealed that, in comparison to MTA and CEM cement, dentinal bridges formed beneath CH were in lower quality in terms of thickness and presence of tunnel defects.[@B10],[@B22] Pulpal inflammation, dystrophic calcifications, and foci of necrosis were other unfavorable findings in CH groups. Findings of the present study showed that the human dental pulp response to CH is not predictable. While, two teeth out of three demonstrated favorable responses, one tooth showed pulp necrosis without dentinal bridge formation. However, due to small sample size, statistical analysis was not done.

Another interesting finding was that the necrotic tooth in CH group didn\'t show any clinical signs/symptoms of pulpal or periradicular diseases during 6 months after pulpotomy. Studies have shown that success rate of vital pulp therapy with CH decreases overtime.[@B37] These findings show the importance of long-term follow ups after vital pulp therapies, specifically when the material used is CH.

MTA and CEM cement are water-based cements which need aqueous environments to set.[@B20],[@B38],[@B39] Therefore, the clinician should prepare enough moisture for the cement to set before continuation of the procedure which increases the treatment time. Comparing to vital pulp therapy with CH, this issue is a disadvantage for water-based cements. In the present study, the clinician didn\'t provide the water-based cements with further moisture and the pulpotomy materials were covered with a layer of glass ionomer immediately after insertion. The rational was that it was possible for the water-based cements to obtain necessary moisture for setting reactions from wounded pulp tissue. The favorable histological outcomes of the study show that this might be a practical method for utilizing water-based cements in pulpotomy treatments and helps to reduce the treatment time. However, further studies are recommended.

Although the outcomes of the present study shows favorable biological properties of CEM cement, it should be noted that the pulpotomies were done on healthy human teeth without history of caries or restoration. Presence of inflammation in human pulp tissue due to the history of caries/restoration, or carious pulpal exposure reduces the population of dental pulp stem cells (DPSCs) as well as their osteogenic/dentinogenic potential.[@B40] These findings raise questions about the healing potential of inflamed pulp tissue. However, in the study by Alongi et al. it was shown that tissue regeneration potential (i.e. formation of pulp-dentin complex) of DPSCs from inflamed pulps with irreversible pulpitis was similar to DPSCs from normal pulps.[@B40] It should be noted that these findings are not yet confirmed clinically. This subject needs further studies.

Conclusions
===========

Under the conditions of this study, CEM cement as well as MTA was a reliable biomaterial in vital pulp therapies. The human dental pulp response to CH was unpredictable. Further studies with larger samples and longer follow up periods are recommended.
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![Preoperative and postoperative periapical radiographs of clinically erupted third molars; postoperative radiographs were taken immediately after operation to confirm the quality of pulpotomies and coronal restorations. CH, calcium hydroxide; MTA, mineral trioxide aggregate; CEM, calcium enriched mixture.](rde-38-227-g001){#F1}

![Composite photomicrograph of radicular pulps of healthy maxillary/mandibular erupted third molars six months after full pulpotomy with (a) calcium hydroxide (CH); (b) calcium enriched mixture (CEM) cement; (c) mineral trioxide aggregate (MTA) (Hematoxylin and Eosin staining, The magnifications of the micrographs in the left and right columns are ×100 and ×400, respectively). Clinically, all teeth were functional without sensitivity to percussion/palpation during the time period after pulpotomy. Note the continuous dentinal bridges (DB) beneath pulpotomy agents with regular tubular pattern and presence of odontoblast-like cells adjacent to dentinal bridges.](rde-38-227-g002){#F2}

![Necrotic radicular pulp in one of the teeth after pulpotomy with calcium hydroxide (CH). Note the resorptive lacunas on root canal dentinal walls.](rde-38-227-g003){#F3}
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A summary of histological findings for all three experimental groups
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CH, calcium hydroxide; MTA, mineral trioxide aggregate; CEM, calcium enriched mixture; OD, odontoblast.
